The choice of treatment of carotid artery stenosis is firstly based on assessment of the degree of stenosis and embologeneity of the atherosclerotic plaque. But even in "good-risk" population it is still difficult to identify the patients who are particularly at high threat of stroke and would most benefit from carotid reconstruction. Along with common criteria numerous studies also focus on a prognostic role of a cerebrovascular reserve (CVR) and its state which allows to carry out more objective and pathogenetically substantiated selection of cases for surgical and medical treatment. The present study is a literature review of CVR assessment with different methods in relation to the clinical course of disease, severity of stenosis, the state of collateral circulation, its dynamics after operative procedures.
Introduction
Numerous randomized clinical studies have proved high efficacy of surgical treatment of symptomatic internal carotid artery (ICA) stenosis as means of prevention of reсurrent strokes in the ipsilateral region of intracranial cerebral arteries. As for cases with an asymptomatic clinical course of ICA stenosis, an advantage of surgical intervention over optimized medical therapy is still in question [1, 2] . The main criteria in choosing treatment strategy are a degree of ICA stenosis and morphologic characteristics of an atherosclerotic plaque (first of all its embologeneity) which causes narrowing of an artery and thromboembolism of major intracranial arteries [3, 4] . Other equally important determinants include various comorbid risk factors (myocardial infarction, cardiac rhythm disorders, diabetes mellitus, obesity, etc.) leading to an inevitable increase of a rate of periprocedural cerebral and cardiologic complications and unfavorable outcomes after surgery [5] . However, one will face a certain problem even in cases with "a minimum set" of risk factors as it is rather difficult to identify who of them have a really high threat of stroke and, as a result, a greater need for reconstructive operation on ICA. Along with common criteria based on data of conventional neurovisualization (spiral CT, MRI
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Check for updates and MR-angiography, catheterization X-ray cerebral angiography) some studies also focus on a prognostic role of a cerebrovascular reserve (CVR) and its state which allows to carry out more objective and pathogenetically substantiated selection of cases for surgical and medical treatment [6, 7] .
The present study is a literature review of CVR assessment with different methods in relation to the clinical course of disease, severity of stenosis, the state of collateral circulation, its dynamics after operative procedures. We analyzed the most important publications on the problem of CVR in patients with stenosis and occlusion of the carotid arteries that were published from January 1988 up to December 2017 and available in Pubmed/Medline database ( Table 1) . We used the search terms 'cerebrovascular reserve', 'dynamic autoregulation', 'transfer function analysis', 'correlation analysis', 'carotid stenosis', 'occlusion', 'endovascular', 'endoarterectomy', 'stroke' and their synonyms.
Pathophysiologic Aspects of Cerebral Hemodynamics Impairment and Methods of Studying of Cerebrovascular Reserve
CVR reduction is one of the key pathophysiologic mechanisms responsible for a higher rate of ischemic events in cases with stenosic and occlusive lesions of ICA [6, 8, 9] . Marked ICA stenosis results in considerable decrease of cerebral perfusion pressure in the ipsilateral region up to a lower threshold of autoregulation. Thus, compensatory vasodilation under these conditions as well as in response to further natural and even small reduction of blood pressure can be insufficient and incapable of providing brain protection from ischemic stroke. On the other hand, normalization of cerebral perfusion pressure after reconstructive operation on ICA can lead to development of a hyperperfusion syndrome due to prior persistent vasodilation of microvascular vessels which have lost their ability to adequate vasoconstriction under new hemodynamic conditions. Today there are two main approaches to studying cerebral blood flow and CVR. The first one is based on estimation of volumetric cerebral blood flow with flowsensitive methods of PET, CT, SPECT, MRI in a perfusion mode and changes of the latter against a background of CO2 inhalation or IV administration of Diamox (Acetazolamide). However, complexity, inertness and even insecurity of these methods in determining upper and lower thresholds of blood pressure with the purpose of adequate regulation of cerebral blood flow in every individual limit their wide use in routine neurosurgical practice.
The second approach is aimed at studying the first derivative of volume cerebral blood flow, i.e. blood flow velocity (BFV) in major cerebral arteries. It is done with transcranial Doppler sonography (TCD). This method is ± 0.15 versus 0.20 ± 0.01, respectively. Thus, one can see a reliable reduction of M x after surgical intervention and improving of autoregulation in the ipsilateral middle cerebral artery (MCA).
On the contrary, studies by V.B. Semenyutin, et al. [16] refute conclusions of some authors concerning relationship between a stenosis degree and a state of autoregulation. They estimated an autoregulation rate using the cross-spectral analysis of slow oscillations of systemic blood pressure and BFV in the ipsilateral MCA and failed to discover considerable dependence of autoregulation on a degree of ICA stenosis even in cases with critical lesions.
Prognostication of Ischemic Strokes
The prospective study by B. Kleiser and B. Widder [17] embracing 85 cases with ICA occlusion showed that CO2-reactivity was an informative index for prognostication of stroke development during 38 ± 15 months. The authors classified reactivity according to three categories: sufficient, demininshed and exhausted. The rate of acute stroke in the ipsilateral region watched in 37 cases with diminished or exhausted reactivity during the first catamnestic year was more than 20%, whereas 48 patients with sufficient reactivity had no episodes of acute stroke.
The retrospective study by H. Yonas, et al. [18] demonstrated analogous results in 65 cases with symptomatic critical stenosis or ICA occlusion who underwent CT-examination with administration of radio-xenon and a test with Diamox for estimation of volumetric cerebral blood flow. Basic indices of regional cerebral blood flow being lower than 45 ml/100 g/min and its reduction after Diamox administration for more than 5% were unfavorable prognostic criteria of stroke development. It was accompanied by an increase of a stroke rate up to 36%.
The prospective study by A. Gur, et al. [19] was carried out on 44 cases with asymptomatic critical ICA stenoses (> 70%) with the purpose of identifying a prognostic value of CVR and its role in estimating risks of stroke development during 24 months. A growth of BFV in the ipsilateral MCA was calculated by data of TCD after IV administration of 1 g of Diamox. As for 23 cases without CVR impairment they had no strokes during the follow-up period (BFV in MCA increased for more than 40% after Diamox administration). At the same time there were 2 strokes and 5 transitory ischemic attacks in 21 cases with asymptomatic critical stenosis and impaired CVR.
Perioperative Dynamics of Cerebrovascular Reserve
A. Naylor, et al. [20] studied CO2-reactivity by perioperative measurement of volume cerebral blood flow in 69 cases with ICA stenosis using PET. They revealed reless time-consuming and examination can be carried out just at a patient's bedside. At present the arsenal of methods for studying CVR with the help of TCD is rather diverse and includes estimation of CO2-reactivity in response to Diamox administration, carbogen inhalation, a cuff test, evaluation of slow oscillations of systemic and cerebral hemodynamics with correlation and cross-spectral analyses.
Clinical Course of the Disease and Its Types
One of the first articles describing use of TCD for CVR estimation was written by E. Ringelstein, et al. [10] . The retrospective analysis of data of 40 cases with ICA occlusion allowed the authors to reveal reliable reduction of CO2-reactivity on the occlusion side (45.2%) in contrast to healthy volunteers (85.6%). Besides, comparison of the results depending on a type of a stenosis course demonstrated that CO2-reactivity in cases with a symptomatic lesion was reliably lower (37.6%) than in asymptomatic patients (62.9%).
M. Reinhard, et al. [11] did not find out reliable difference between data of the correlation analysis in symptomatic and asymptomatic courses of stenosis. At the same time indices of CO2-reactivity and crossspectral analysis were reliably lower in cases with a symptomatic type of a clinical course.
Stenosis Degree
R. White, H. Markus [12] used a cuff test for assessing autoregulation in 27 cases with stenosic and occlusive of ICA and 21 healthy individuals. The comparative analysis showed reliable diminution of an autoregulation index in a group of patients (3.3 ± 2.2) as compared to healthy volunteers (6.3 ± 1.1). In the authors' opinion, impaired autoregulation can be used for selecting cases with a higher risk of hemodynamic stroke during prescription of hypotensive drugs, planning of an operation and general anesthesia.
Likewise, the transfer function analysis allowed H. Hu, et al.
[13] to reveal negative correlation between a rate of autoregulation and a stenosis degree in every frequency range of slow oscillations. A phase shift within the range of Mayer's waves turned out to be the most informative index which is quite compatible with data of other researchers [11] .
It should be noted, that M. Reinhard, et al. [14] pointed at possible dependence of CVR impairment on a degree of ICA stenosis and examined cases with stenosis of more than 70%. This supposition was confirmed by S. Tang, et al. [15] studying autoregulation dynamics on the basis of the correlation analysis of data obtained in 21 cases with a degree of ICA stenosis of ≥ 50%. Mean values of correlation index M x in 17 cases with critical stenoses (more than 70%) and 8 patients with moderate stenoses (59-69%) before stenting and after operation were as follows: 0.36 ± 0.14 versus 0.22 ± 0.09 and 0.36 development depends not on a type of collateral circulation but on a number of incorporated ways of anastomosing for compensation of cerebral perfusion in a compromised region.
M. Reinhard, et al. [11] consider that CVR disorders in symptomatic stenoses are a more frequent phenomenon when paths of collateral anastomosing are activated. The authors distinguish three types of collateral circulation: type I -via paths of the first order, i.e. anterior and posterior communicating arteries; type II -via secondary paths, i.e. ophthalmic and leptomeningeal arteries of the external carotid artery region or their combination with paths of type I; type III -via stenosed primary paths of the anterior part of the Willis circle. The cross-spectral analysis used for estimation of CO2-reactivity and dynamic autoregulation demonstrated that the most insignificant CVR disorders and the lowest rate of strokes were watched in cases with collateral circulation of type I. On the contrary, gross CVR disorders and a high rate of strokes were typical of patients with type III. Types II and III were more common for symptomatic ICA stenosis.
Reasoning and conclusions of M. Reinhard, et al.
[11] are characterized by some discrepancy. On the one hand, a good state of CVR in the ipsilateral region is identified in case of adequate functioning of anterior and posterior communicating arteries (type I). On the other hand, stenosing of anterior paths of the first order leads to gross disorders of vasomotor reactivity and autoregulation. It appears, that distinguishing collateral circulation of type I and II the authors tried to characterize inefficacy of the whole system of cerebral hemodynamics incapable of compensating reduced cerebral perfusion on the side of ICA stenosis via natural paths due to different reasons.
The study by V.B. Semenyutin, et al. [16] did not reveal reliable difference in indices of autoregulation depending on age, gender, a type of an atherosclerotic plaque (ASP), cormobid factors. It makes it possible to conclude that a type of a clinical course and a functional state are determined exactly by compensatory abilities of the system of collateral circulation. Its effective functioning ensures adequate cerebral perfusion in a compromised vascular region despite considerable decrease of blood pressure watched distally from a level of stenosis of a precerebral ICA segment. It allows to minimize a risk of hemodynamic ischemia development. In such cases one can talk about an asymptomatic cerebral hemodynamic model which is not rare in ICA thromboses of various etiology. Furthermore, sometimes a high degree of collaterization of cerebral circulation gives a chance to perform deconstructive operations in case of giant aneurysms, carotid-cavernous fistula, basal tumors growing into ICA and to avoid necessity of applying extra-intracranial anastomoses [24] [25] [26] .
liable difference of CVR in cases with symptomatic and asymptomatic courses and its considerable improvement after carotid endarterectomy in symptomatic ICA stenoses. However, the authors came to the conclusion that CVR estimation had no essential effect on longterm results of surgical treatment.
M. Reinhard, et al. [14] assessed autoregulation dynamics in 58 cases with ICA stenosis of more than 70% after reconstructive operations (carotid endarterectomy or stenting). Indices of CO2-reactivity and dynamic autoregulation increased reliably in both groups of operated cases on the third day after operation.
V.B. Semenyutin, et al. [16] demonstrated a positive effect of reconstructive operations on autoregulation and functional outcomes. However, it was watched only when initial preoperative indices of autoregulation on a lesion side were indicative of its impairment. In case of a normal initial state of autoregulation an operation did not lead to its considerable change and did not improve functional outcomes in cases with symptomatic as well as asymptomatic ICA stenoses. Reconstructive operations in both clinical groups with impaired autoregulation were accompanied by its early restoration (a phase shift increase up to normal values). It did not contradict to literature data [14, 21] . At the same time some cases with critical ICA stenosis had no autoregulation disorders before planning an operation. Many authors stick to the opinion that despite marked stenosis this "favorable state" of autoregulation appears to be conditioned by sufficient development of collateral circulation [8] . Thus, one can come to the following conclusion: in case of missing autoregulation impairment critical ICA stenosis should not be regarded as a risk factor inevitably leading to cerebral infarction. Optimized drug therapy with dynamic control of a functional state of cerebral hemodynamics in this category of cases would be more preferable than aggressive surgical tactics. First of all it concerns patients with asymptomatic critical ICA stenosis and contradictory indications for surgical treatment which demand further assessment [2, 21] . According to the latest data, cases with asymptomatic ICA stenosis receiving optimized drug treatment against a background of a natural course of the disease had a much lower risk (•1%) of ipsilateral ischemic stroke development during a two-year period than a risk of postoperative complications arising within 30 days (carotid endarterectomy -1.4% and stenting -2.5%) [22, 23] .
Collateral Circulation
F. Vernieri, et al. [24] carried out the prospective study using Cox regression analysis. It showed that factors reliably increasing a stroke risk included a growing number of pathways of collateral circulation and a state of CO2-reactivity by data of a breathholding test. However, the authors did not discover direct dependence between CVR and an anatomic configuration of collateral circulation. A risk of ischemia important role in stroke development. However, this assumption does not conflict with the conclusion that cases with symptomatic stenosis and impaired autoregulation need surgical treatment.
Cognitive Disturbances
If manifestations of critical stenosis are represented only by cognitive disturbances then a choice of treatment tactics is determined on the basis of additional prognostic criteria [28] . Some authors pay great attention to ultrasonic characteristics of ASP and first of all its embologeneity. Many authors emphasize importance of a degree to which cognitive disorders are marked as well as presence of cormobid factors and ischemic events not only in the region of ICA stenosis but also in other intracranial vascular regions [3, 28, 30, 31] . Our own experience makes it possible to state that an initial state of autoregulation in cognitive disturbances is no less important and sometimes can play a key role in choosing treatment modality. From this point of view cases with impaired autoregulation have the greatest probability of hemodynamic stroke development and thus should be regarded as the first-priority candidates for surgical treatment.
This statement is equally true for cases with symptomatic ICA stenosis as according to literature data the majority of patients with verified ipsilateral strokes have CVR impairment. There is no doubt that reconstructive operation in this category of cases are to be performed in the nearest period after a sustained episode [32] . At the same time despite a critical degree of stenosis some cases with verified stroke may have normal indices of autoregulation and minimum manifestations of neurologic symptoms.
Results of Cerebrovascular Reserve Assessment and Their Meta-Analysis
The goal of systematic review and meta-analysis of literature data carried out by A. Gupta, et al. [6] was to assess an informative value of CVR indices from the point of view of prognostication of stroke development in cases with atherosclerotic ICA lesions. They established a reliable relationship between CVR indices on the one hand and a risk of development of stroke/a transitory ischemic attack in cases with occlusive and stenotic ICA lesions on the other both in symptomatic and asymptomatic types of a clinical course.
The authors estimated a prognostic role of CO2-reactivity on the basis of all presented meta-analyses. Today there are no analogous studies highlighting an informative nature of indices of an autoregulation state. However, it is indisputable that TCD used for assessment of a functional state of cerebral hemodynamycs is the most effective method [29] and according to the latest data it makes it possible to optimize economic costs of treatment of cases with ICA stenoses.
Reperfusion Complications
One more pressing challenge is studying a role of autoregulation and its state in prognostication of reperfusion complications after reconstructive operation. The rate of a cerebral hyperperfusion syndrome after endarterectomy/stenting is less than 1.9% [27] . The majority of authors explain its emergence by impaired autoregulation in a postoperative period. Its bedside perioperative assessment provides timely prevention of possible reperfusion complications which are sure to worsen functional outcomes of surgical treatment.
Existing data allow to come to a conclusion that noninvasive estimation of autoregulation with crossspectral analysis of slow oscillations of systemic and cerebral hemodynamics is an important and informative determinant of a stroke risk in cases with ICA stenosis. Revealing patients with impaired autoregulation helps to optimize treatment strategy in symptomatic and asymptomatic stenoses. A risk of stroke development in asymptomatic critical ICA stenosis and a normal autoregulatory response is minimum. It is expedient to use optimized drug therapy in such cases. On the contrary, cases with impaired autoregulation have the greatest risk of stroke development irrespective of a clinical course. Thus, they should be regarded as candidates for surgical treatment.
Atherosclerotic Plaque and Its Embologeneity
ASP instability is still an unsolved problem conditioning a reliable increase of a stroke risk due to microembolia. Their identification is connected with some difficulties. In particular, microemboli detection on the basis of TCD-monitoring does not always permit to determine their source and a stroke subtype (atherothrombotic, cardioembolic, etc.). It somehow hampers stroke prognostication by criteria of plaque instability and a choice of treatment tactics [3] . Furthermore, some studies demonstrated that use of optimized drug therapy reliably reduced a number of microemboli verified with TCD from 12.6% up to 3.7% [3, 28] . According to J. Spence, et al. [29] optimized drug therapy is a method of the first priority for cases with an asymptomatic course of critical ICA stenosis and microembolia which is not connected with ASP.
As for the study by V.B. Semenyutin, et al. [16] homoor hyperechoic ASP of types I-II on the Gray-Weale scale were diagnosed in the majority of cases. Probably it was that very cause which did not allow the authors to reveal considerable difference in an autoregulation state and its dependence on an ASP type in symptomatic and asymptomatic cases by data of cross-spectral analysis. It can be assumed that autoregulation impairment in instable and heterogeneous ASP (types III-IV) will be more serious as along with hemodynamic factors (decreased perfusion pressure watched distally from stenosis) thromboembolism begins to play a more 
Conclusion
The undertaken literature review permits to conclude that CVR state in ICA stenoses reliably effects a type of the disease course and a rate of ischemic events. One can see no impairment of this state even in a high degree of stenosis and occlusion in case of sufficient compensation of collateral circulation whose quantitative equivalent it really is. Surgical intervention in initially impaired CVR can lead to its improvement in a postoperative period. Due to this fact, it is possible to assume that disorders of autoregulation and CO2-reactivity may be used as criteria of selecting cases for surgical treatment of both asymptomatic and symptomatic ICA stenoses but only under the condition of low ASP embologeneity.
Taking into account the quality and quantity of accumulated knowledge, reliable conclusions of high practical value and applied methodology studies of CVR in ICA stenoses are not inferior to those carried out in craniocerebral trauma, aneurismal subarachnoid hemorrhages, hemorrhagic strokes and other pathology. Necessity of CVR assessment for improving efficacy of treatment in severe brain injury, cerebral aneurysms, hypertensive hemorrhages is a generally acknowledged fact which is reflected in international guideline recommendations of the leading countries of the world. It should be noted that evidence of results of CVR estimation in the aforesaid pathology is not very high which is explained by an insufficient number of randomized multicenter studies. It equally concerns cases with ICA stenoses. None of the methodological guidelines worked out in the USA, China, South Korea, Germany, Canada, Italy, New Zealand, Russia and other developed countries and devoted to treatment of cases with stenotic and occlusive ICA lesions contain any information on a role of impaired CO2-reactivity and autoregulation in pathogenesis of stroke development as well as on an informative character of indices of CVR state as criteria of determining treatment tactics and outcome prognostication [1, [33] [34] [35] [36] .
Meanwhile the present analytical literature review clearly shows that today there is a great need for carrying out multicenter randomized studies. Their main task is to solve a fundamental problem concerning possible indications for use of CVR assessment in cases with ICA stenoses in order to get pathogenetically substantiated objectivization of efficacy of this or that treatment and its effect on functional outcomes and life quality of cases in the nearest and long-term periods.
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